A b s t r a c t The LOINC (Logical Observation Identifier Names and Codes) vocabulary is a set of more than 10,000 names and codes developed for use as observation identifiers in standardized messages exchanged between clinical computer systems. The goal of the study was to create universal names and codes for clinical observations that could be used by all clinical information systems. The LOINC names are structured to facilitate rapid matching, either automated or manual, between local vocabularies and the universal LOINC codes. If LOINC codes are used in clinical messages, each system participating in data exchange needs to match its local vocabulary to the standard vocabulary only once. This will reduce both the time and cost of implementing standardized interfaces. The history of the development of the LOINC vocabulary and the methodology used in its creation are described.
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We have recently recognized a strong dependency between the development of medical vocabularies (medical concept representation) and health care data exchange standards. These two endeavors have had rather independent histories, but it is apparent that they are closely related and mutually dependent activities. In this paper we briefly describe each endeavor and then describe in detail the process used to develop the LOINC (Logical Observation Identifier Names and Codes) vocabulary. We use creation of the LOINC vocabulary as one model for the synergistic development of health information exchange standards and coded medical vocabularies. A previous article 1 has described some of the background, rationale, and content of the LOINC vocabulary for laboratory procedure codes.
Background
Medical concept representation is not an end in itself but is desirable for the capabilities it provides. 2 -4 There are at least three activities that would be made possible by a consistent representation of medical concepts: 1) the real-time exchange of medical data; 2) the exchange of decision-support programs including alerts, protocols, care pathways, and care plans; and 3) the pooling of data for outcomes research, quality assurance programs, and clinical research. One proposed model of medical concept representation, which we adopt here, 5 breaks the representation model into three components: a medical vocabulary or lexicon, a semantic data model (an information model), and a knowledge base. We discuss only the F i g u r e 1 An HL7 unsolicited observation result (ORU) message. The message is composed of segments (MSH, EVN, PID, PV1, ORC, OBR, OBX), and each segment contains fields that are separated by a vertical bar ( ͉ ). The MSH segment contains information that identifies the kind of message that follows. The PID and PV1 segments identify a patient and a particular visit to which the message pertains. The ORC and OBR segments provide information about who ordered an observation and the common context in which the observation was made. The repeating OBX segments represent individual observations (results or measurements). The structure of HL7 messages represents a simple semantic data model. first two of these components in the following paragraphs.
The first component, a structured medical vocabulary, is an organized set of terms or words with associated codes. Coded medical vocabularies are one of the foremost issues in the field of medical informatics. Indeed, Sittig 6 noted that a unified controlled medical vocabulary was one of the grand challenges of medical informatics. There is a large and growing set of publications related to the development and use of structured medical vocabularies. 7 -13 The second component of medical concept representation, a semantic data model (SDM), is a description (template or data structure) of how vocabulary items can be combined to make a valid representation of medical information. Semantic data models have also generated a large number of publications. 3,14 -21 Often unrecognized as SDMs are the health care data exchange standards, particularly CEN TC251/PT-008 22 and CEN TC251/PT-022 23 of Technical Committee 251 (Health Informatics) of the European Committee for Standardization; HL7 (Health Level 7) 24 ; the DICOM standards 25 -28 ; and specifications E1238 29 and E1394 30 of the American Society for Testing and Materials (ASTM). These standards describe the interchange format and syntax for messages that can be exchanged between medical computing systems.
In talking about these standards, it is appropriate to establish a common definition of terms. In Europe, an important distinction is made between an interchange format and message syntax. An interchange format is a syntax-independent description of the structure and content of information within a message. As used in this article, the SDM for a message is the same thing as an interchange format. Message syntax, however, is the specific way a message is encoded for transmission. Examples of message syntaxes include: ED-IFACT, BER (Binary Encoding Rules) of ASN.1 (Abstract Syntax Notation One), and the delimited record format of HL7.
We illustrate how message standards represent SDMs by reference to HL7. As shown in Figure 1 , an HL7 unsolicited observation result (ORU) message is divided into distinct parts or segments. The MSH segment contains information that identifies the kind of message that follows. The PID and PV1 segments identify a patient and a particular visit to which the message pertains. The ORC and OBR segments describe information about who ordered an observation and the common context in which the observation was made. The repeating OBX segments represent individual observations (results or measurements).
It is not obvious at first that this kind of message syntax represents an SDM. However, on further inspection (and by reference to the HL7 specification) it is clear that an OBR segment has many associated OBX segments. This structure reflects a model of laboratory testing where an ordered procedure can result in a number of laboratory observations or none. Considering the substructure of an OBX segment, we can assert that each observation is measured in particular units and can be classified as normal or abnormal. Thus, HL7 message syntax defines a simple SDM. In the HL7 standard, vocabulary elements are linked to the message structure by the use of identifier (ID) and coded element (CE) data-type fields. Data fields of format type ID contain a reference to HL7 tables that define the set of allowed values for the given field. In the ORU example of Figure 1 , the ninth field of the MSH segment is Message Type, which specifies the type of message that is to follow. As shown in Figure 2 , all valid message types are defined in table 0076 of the HL7 specification. Many vocabulary tables exist in the HL7 specification, including definitions for patient type, specimen type, and order priorities.
Coded element data fields allow the set of values for a field to be defined by reference to a coded vocabulary that is external to the HL7 standard. This allows reuse of the many existing medical vocabularies and spares the HL7 group the time and effort of recreating terms that have been painstakingly created by other organizations.
A CE field has six subparts. The first subpart is a code, the second subpart is a textual description of the meaning of the code, and the third subpart is the name of the external coding system that is being used. The fourth, fifth, and sixth subparts allow for sending an alternate code and text from a second coding scheme. In Figure 3 , the fourth field of the OBX segment -the Observation Identifier field-is a CE field. The code is 2951-2, the description is Serum Sodium, and the coding system is LN (for LOINC 13, 17, 31, 32 In the development of the DI-COM standard, an explicit SDM was declared early on and the standard was developed using the model. 27,33,34 DICOM messages use coded vocabulary to describe procedures, image acquisition context, and observational findings. In the first versions of the standard, controlled terminology was embedded in the normative text as ''enumerated values'' and ''defined terms'' ad hoc. Recent versions of the standard have included references to externally controlled vocabularies (principally SNOMED 7 ) via the SNOMED DICOM microglossary. 35 -37 The work within CEN TC251 in working groups PT3-008 (Messages for Exchange of Laboratory Information) and PT3-022 (Request and Report Messages for Diagnostic Services Departments) is also strongly based on SDMs, called Domain Information Models (DIMs) within the CEN TC251 context. The model is expressed using a formal literary and graphic notation. 22 Objects modeled within the clinical laboratory DIM include subject of investigation, sample, laboratory investigation, and laboratory investigation result item. The DIM incorporates references to external vocabularies using the coded value and list of coded values data types. The coded value data type is nearly identical to the CE data type used in HL7 and consists of Downloaded from https://academic.oup.com/jamia/article-abstract/5/3/276/712535 by guest on 10 March 2019 F i g u r e 4 Variable names and value names as used in a series of HL7 OBX segments. The kind of observation is indicated using a variable name. The value of the observation can be any of the allowed HL7 types, including NM (numeric) or CE (coded element). For numeric observations, the value of the observation is number, whereas for coded observations the actual value of the observation is indicated by a code. Possible value codes could come from other vocabularies, such as SNOMED, Read Codes, or the UMLS Metathesaurus. In this example, all codes are local, as indicated by the L following each code description. three parts: a health care coding scheme designator, a code value, and a code meaning.
Thus, the development of the health care data and image exchange standards has clarified and strengthened the connection between vocabularies and data models. The data model is an essential skeleton, without which the coded terms would be an ambiguous jumble. The named slots or data elements in the model provide semantic labels for the vocabulary items contained in the model, making the context and meaning of the terms more explicit and computable. It is the combination of the SDM and a structured medical vocabulary that makes the representation of a medical concept complete. The recognition of this dependency should guide vocabulary development efforts related to the electronic medical record.
The interdependence of the vocabulary and data model are especially evident in the context of data exchange standards. Let's assume, for example, that we are developing a message to send medication orders between two systems. One approach would be to define the message so that separate fields in the message convey the name of the drug, its dose, form, and manufacturer. Each coded field in the message would have a well-defined set of possible values, such as Drugs (e.g., digoxin, penicillin V potassium) and Forms (e.g., capsule, tablet, suppository). A second possibility would be to define the message so that the only field it contained was National Drug Classification (NDC) code. Each NDC code represents a complex aggregate name for a medication. The name of each NDC code includes the drug, its form, dose, manufacturer, and package size. So, if I choose to use NDC codes in my messages, I need only one field to express the medication information. However, if I use the multi-axial strategy, I will have four fields in my message, each field having a set of possible values specific to its purpose. I might also choose to include both the composite field and the four individual parts. The point is that decisions about what vocabulary to use in an interface message are not independent of the data structures that will be used to carry the information. The choice and use of vocabularies in message standards is inexorably tied to the structure and organization of fields in the messages, and vice versa.
Finally, the Canon Group 2 has described the need for ''a scientific methodology'' for developing medical concept representations so that the work would be reproducible, extensible, testable, expressive, and understandable. A similar goal has been expressed by CEN TC251 Project Team 2. 38 Recognizing this goal, we describe in the following section the process and rationale that lead to the development of the LOINC vocabulary. The LOINC vocabulary was developed with an understanding of the interdependency of structured medical vocabulary and an SDM. As such, the LOINC experience may provide insights into how this process can be made reproducible, extensible, testable, and understandable.
The LOINC Development Process

Problem Selection
An obvious but important first step for the LOINC committee was to select a domain of interest. The initial need we chose to address was the set of codes that could be used as observation identifiers in the HL7, ASTM 1238, and CEN TC251/PT3-008 and PT3-022 result messages. The observation identifier is the part of the result message that expresses what kind of observation is being made. It is important to distinguish the names of observations (also called variable names) from the coded value of the observation. As shown in a series of OBX segments in Figure 4 , observation names (variable names) include hematocrit, systolic blood pressure, heart rate, ABO blood type, Rh type, urine color, and organism identified by culture. Depending on the particular variable, the value associated with a variable in a message can be a numeric quantity, a titer, a range, or a coded value. For in-F i g u r e 5 Institution codes used as variable names in an HL7 message. As shown by the L following the description of the code, each site is using its own local coding scheme for variable names (observation identifiers). Each site has chosen a different code to represent a serum sodium concentration measurement. There were at least four reasons why we chose the creation of observation identifiers as our initial task. First, creating a consistent set of observation identifiers appeared to have an immediate benefit. Even though the HL7 and ASTM 1238 standards were being used in a growing number of health care facilities worldwide, laboratories and clinical systems continued to report procedure results using internally defined names and codes that are idiosyncratic to the institution, as shown in Figure 5 . Installing a new system in a health care network meant painstakingly matching codes sent by the laboratory to the codes used within the local clinical information system. We estimate that at least 90 percent of the effort of installing a new interface is spent in matching vocabulary between sending and receiving systems. It is not unusual for a complete matching of codes to require a year of earnest investigation. Our desire was to create names and codes that could be used by all laboratories and clinical systems where the names were structured to facilitate rapid matching, either automated or manual. If such a universal vocabulary existed, each system participating in data exchange would need to match their local vocabulary to the standard vocabulary once, but thereafter would need to maintain the mappings only as new results were added. By not having to map codes each time a new system was installed, a good deal of time and money could be saved.
Second, when the LOINC committee began, no structured vocabulary existed that was appropriate for naming clinical, laboratory, or physiologic measurements in result messages and that also had the correct degree of granularity to represent the names of procedures as commonly defined in laboratory information systems and in clinical information systems. For example, SNOMED procedure codes are typically the names of small classes of measurements rather than specific measurements. For instance, P3-71260 Albumin measurement in SNOMED does not specify whether the measurement was on urine, or serum. The type of specimen could be expressed in an associated modifier field in the message, but this approach would be inconsistent with the common practice of using a single field to name an observation.
Many Current Procedural Terminology (CPT) codes 39 also represent classes of analytes rather than specific measurements. This reflects the purpose for which CPT codes were created-billing for procedures and not reporting clinical results. In contrast, the multiaxial approach used in EUCLIDES 40 and the OpenLabs system 41 is very flexible but does not match up well with the data structures available in HL7/ASTM or with common usage in clinical applications. The strategy in EUCLIDES was to represent result names by combining several codes from a canonical set of axes to express the kind of observation that was made. The initial system used minimal precoordination. This provided a robust mechanism for representing observation identifiers, but was not compatible with the message structure available in HL7 or ASTM messages or with the corresponding data structures used in a typical laboratory information system. The final version of the CEN TC251/PT3-008 standard allows for the use of either single aggregate codes or the multi-axial codes. At the time that the LOINC work began, however, the pre-coordinated terms did not exist in EUCLIDES.
Third, good vocabularies, such as SNOMED, did exist for expressing many of the coded values of the observations, so the creation of sets of coded values was not a high priority. Also, creating coded value sets is a large task and more than we thought we could accomplish within the scope of the LOINC committee.
Fourth, while no standard set of observation identifiers existed, good starting lists were available. All laboratory information systems and most clinical information systems have internal lists of observation names in electronic form. The availability of good starter sets of observation identifiers made the task look doable. 
Additional Vocabulary Principles
There were characteristics of some of the existing vocabularies, other than content, that made them undesirable for use in messages. Many of the desirable characteristics of coded vocabularies have been described previously. 5, 13, 42, 43 We wanted to adhere to some additional principles related to aspects of a good vocabulary:
Ⅲ There should be version control associated with the coding system. The version identifier should be a prominent component in each distribution.
Ⅲ The code associated with a term should have no intrinsic or embedded meaning.
Ⅲ The term component should stand on its own without additional components being required to convey the meaning of the concept.
Ⅲ There should be an organization capable of extending, correcting, and maintaining the coding system. This should include evidence of organizational stability and adequate funding for the coding activity.
Ⅲ There should be easy access to the vocabulary. It should be available by both paper and electronic distribution.
Ⅲ There should be no limitation on who can acquire copies of the coding system.
Ⅲ There should be no cost or minimal cost associated with access to and use of the coding system. Likewise, maintenance fees are undesirable.
Ⅲ The coding system should have training materials, such as tutorials, training syllabi, and printed user manuals. People with in-depth understanding of the coding system should be available to provide help and consultation.
Ⅲ The coding system should be acceptable for use internationally.
Ⅲ The coding system should be extensible. There should be no inherent limits on the number or types of codes that can be created.
Ⅲ The coding system should be compositional. The creation of new codes should be guided by a data model.
Organizational Structure
There were at least three possible ways in which a vocabulary committee could have been organized: 1) as part of an existing standards development organization like ASTM, the DICOM Standards Committee, or HL7; 2) as a commercial venture to produce a forprofit product; or 3) as a group of interested individuals with support from governmental or private sources. There were two major factors that guided how the LOINC committee was organized. First, we wanted the product (a set of names and codes) to be freely available to the public, in accordance with the principles stated earlier. This could not be guaranteed if the work were done as a part of an existing standards organization, where the organization would typically hold the copyright to any materials developed within the organization. Second, we wanted to be able to provide a vocabulary quickly and provide fast changes and revisions. The structure of most standards development groups, with formal ballots and procedures, means that they typically have a change and revision cycle of two to five years, but we wanted to be able to make revisions and additions within weeks or months. As a result of these factors, the LOINC committee was initially created by invitation to a small group of interested individuals. We have accepted a number of additional volunteer experts as the process has proceeded. The complete list of past and current participants is available at the LOINC Web site, in the Introduction, at http://www. mcis.duke.edu/standards/termcode/loinclab/ LOININTR.TXT.
Financial support has come from a number of sources. The Regenstrief Institute was largely responsible for supporting the first two meetings. Subsequently, there has been support from the Agency for Health Care Policy and Research, the Hartford Foundation, and the National Library of Medicine.
Selection of Participants
The danger of a small-group approach is that all perspectives on a problem may not be adequately represented. In the case of LOINC, care was taken to have representation from several areas related to laboratory data representation. The committee ultimately included individuals with the following backgrounds: physicians in active clinical practice, clinical chemists, pathologists, laboratory technologists, medical informaticists, managers from large reference laboratories, and specialists in the naming of laboratory analytes. Many participants also had previous experience in developing or implementing the CEN TC251/PT3-008, ASTM 1238, 1633, and 1712, DICOM, and HL7 standards. This mixture of individuals proved to be essential to ensuring that the codes and names produced by the group would be appropriate for use in private hospitals, Veterans Health Administration hospitals, and commercial reference laboratories.
F i g u r e 6 Using other parts of an HL7 message to carry important information. Since order priority is sent as part of the OBR segment (in this case STAT), there is no need to make a name for ''STAT Hematocrit'' within the LOINC vocabulary.
Focusing the Scope
Once the participants had been selected, the initial meetings commenced. The first meetings were used to focus the scope of the activity and to mutually educate one another. Again, the general goal of the LOINC committee was to produce observation identifiers for the reporting of clinical observations in HL7, ASTM, and CEN messages. The initial scope was specifically focused on these standards, although it was later recognized that any other standard, such as DI-COM, that had a similar logical model could also make use of the vocabulary. Restricting the focus of LOINC to a message context where there was a known, fixed data structure was essential in making decisions about what information should be carried in the code used in the observation identifier field of the observation segment and what information could appropriately be sent in another part of the message. For instance, because order priority (STAT, ASAP, Routine) is carried in the observation header of the message, there was no need to include priority as a part of the observation name itself. In other words, it would be inappropriate in HL7 messages to make names like ''STAT Hematocrit,'' because this information can be easily represented in such messages by sending the order priority in the OBR (observation header) segment while sending ''Hematocrit'' in the OBX (observation) segment, as shown in Figure 6 .
Another key decision was to limit the initial scope to the representation of names and codes for clinical laboratory result observations. The global scope was the creation of names and codes for all clinical observations, including direct patient observations as well as clinical laboratory observations. Laboratory observations were chosen as the initial focus because the committee had ready access to a number of good starter sets from clinical laboratories. Later, when substantial progress had been made in the area of laboratory identifiers, attention was turned back to clinical observations such as vital signs, 12-lead ECG measurements, fluid intake and output measurements, and measurements taken during imaging studies. Since some clinical measurements might be sent using either the HL7 or DICOM standards, it was important that the same vocabulary be used by both standards to ensure that they could intercommunicate.
The names of orderable laboratory batteries were excluded from the initial focus because they are names for a group of two or more laboratory observations. For example, serum glucose is an appropriate observation name, whereas Liver Panel, Chem 7, or Urine Electrolytes are names of laboratory batteries. Accurate names for the laboratory observations must exist before well-defined battery names can be created. Later, after we had created many of the laboratory result names, we returned to create the names of common laboratory procedure batteries, and this work is currently in progress.
It was determined that the names created by the LOINC committee would be ''fully specified'' names, which would need no further definition when used for matching to local terms and codes. As will be shown below, the fully specified names are created by a combination of five (and sometimes six) independent axes. It was postulated that the fully specified names would typically be too long and complex to be used as common names on clinical printouts or reports. Instead, we decided to maintain common names in a ''related names'' column in the LOINC database. It was assumed that local sites would supply their own list of preferred terms (which would correspond one-to-one with LOINC terms) for use in clinical reports and displays. We recognized that it would be desirable to have a standardized short name (suitable as a column or field label) for each observation, but this task was left for a later date.
Developing the Model and the Vocabulary Content
General Approach
The process of developing LOINC content was, and continues to be, an iterative combination of both bottom-up (empirical) and top-down (conceptual modeling) approaches. In the case of the top-down approach, we did not start from scratch in developing the initial conceptual model of the vocabulary. We were influenced indirectly by principles and techniques reported by several groups that are working on concept representation in medicine, 12,22,38 but we were also directly influenced by four ongoing medical vocabulary initiatives.
First, the multi-axial representational approach as used in SNOMED 7 was an important basic tenet. We recognized very early that we were making aggregate or pre-coordinated expressions and that it was im- portant to know the set of atomic terms that could be used to construct the molecular expressions. The multi-axial approach in medical vocabularies has become so common that it is almost overlooked as a basic principle.
Second, we were influenced by the work of IUPAC (International Union of Pure and Applied Chemistry) as published in the Compendium of Terminology and Nomenclature of Properties in Clinical Laboratory Sciences (The Silver Book). 44 The model presented by IUPAC is an outgrowth of metrology (the theory of measurement) and establishes a framework for naming clinical chemistry measurements. There are three main concepts, or axes, in the IUPAC model. First, there is a system, which establishes a context in which a measurement is made. The system in clinical laboratory measurements is usually the specimen type, like urine, serum, cerebral spinal fluid, or stool. Second, there is some component of the system that is being evaluated, observed, or measured. The component is usually a particular chemical compound, ion, or cell type, like sodium ion, potassium ion, white blood cell, or coagulation factor VIII. Third, there is a particular property of the component that is being measured in the system. Examples of kinds-of-property are mass concentration (mass per unit volume), catalytic activity, number concentration (number of items per unit volume), and color. This three-axis model is a very useful way of characterizing clinical chemistry measurements. We extended the model and found that the principles underlying it were useful for many measurements like blood pressure, heart rate, and deep tendon reflexes. IUPAC has carefully established naming conventions for systems and components and maintains an extensive list of kinds-of-property. More information about the coding of properties in the clinical laboratory sciences is available at http://inet.unic.dk/home/ifcciupaccnpu/.
Third, we took advantage of the conceptual framework described as part of the EUCLIDES, 40 OpenLabs, 41 and CEN TC251/PT3-008 efforts. 22 OpenLabs describes 42 canonic classes of information that can be used to describe a clinical laboratory measurement. The set of classes is quite comprehensive and describes not only the component, system, and kind-ofproperty of the measurement, but also things like the urgency of the measurement, sample collection conditions, preservative used in specimen collection, reagent used in testing, equipment type, method of analysis, and reason for investigation. Many of these dimensions were the basis for the parts of the fully specified names in LOINC, whereas other classes represent information that is sent in other fields of an HL7 or ASTM message. As a direct collaboration with the OpenLabs team, we used many of their concepts to build our initial LOINC database. In some sense, part of the task of the LOINC committee was to decide (recognizing that we were creating a single name and code to be used as the variable name within the message standard) which OpenLabs dimensions should be part of the aggregate LOINC term and which represented information that should be sent in other fields in the message. The LOINC committee defined the agreed-on sets of pre-coordinated concepts that were to be used as observation identifiers. However, in the process we found some gaps and discovered important distinctions that led us to many new (more refined) concepts within what would have been a single axis. We created additional axes to distinguish measures that needed to be distinguished and created small syntaxes to deal with special complexities. We also added more formality to some of the component names, which we describe in the following section.
Fourth, as initial vocabulary lists we used a number of sources. One was a table of chemistry tests submitted by Arden Forrey. He has been working on conventions for naming orderable laboratory procedures, orderable batteries, and results. He has identified at least three important axes in creating result names: the type of the specimen, the substance being measured, and the precision of the measurement. The items submitted by Arden were translated into more formal name structures by Tom Fiers. The translation was accomplished using software developed by the OpenLabs group. We also used laboratory files submitted by seven participating laboratories. In the initial stages, individual committee members also developed starting sets of LOINC names for assigned subject matter.
The Initial Model
Given the conceptual background as defined in preceding paragraphs, we began with a simple four-axis model. The four axes were the component being measured, the specimen type (system), the precision of the measurement, and the method by which the measurement or observation was made. Precision indicated whether a given observation was quantitative, semiquantitative (ordinal, i.e., selected from a ranked set of possible values), or qualitative (nominal, i.e., selected from an unranked set of possible values). We decided that parts of the fully specified name would be separated by a colon. The choice for the delimiter was arbitrary and only for the convenience of the LOINC committee, since each independent part is actually stored as a separate column in the LOINC database table. Represented in an informal notation, our first model looked like this: In the preliminary stages of LOINC development, the model evolved rapidly as the committee gained understanding and experience. The first model was just a starting point, and it was substantially enhanced even before the first LOINC committee meeting was held. Members of the committee compared the model with result names in their own systems and found further complexity that needed to be expressed. Even at this early stage, we recognized special circumstances in which we needed to specify the timing of specimen collection (12-or 24-hour collection), and conditions or challenges at the time of specimen collection (peak, trough, or random). In the first model, these details were just appended to the component part of the name. As the work of the committee progressed, we became more systematic in the evolution of the model. An underlying requirement for the LOINC committee was that we would be able to create fully specified names for all results that are commonly found in laboratory and clinical information systems. To this end, we collected laboratory result names from several clinical systems and began creating result names according to our simple model. Seven sites contributed result names: Corning Medical Laboratories, Rutherford, New Jersey; Associated Regional and University Pathologists, Salt Lake City, Utah; Intermountain Health Care, Salt Lake City; Mayo Medical Laboratories, Rochester, Minnesota; Indiana University Laboratories, Indianapolis; Department of Veteran's Affairs, Dallas, Texas; and University of Washington Laboratories, Seattle. Using the names submitted by these institutions, we used word processors and manual editing to create LOINC names using the simple model.
Using the pooled set of result names, the need for enhancements to the model became more evident and other issues surfaced. The issues were of two types: the information to populate the model was not readily available or the model was insufficient to distinguish results that existed in typical systems. We describe issues with the lack of information first.
One problem was the lack of specificity in the names commonly used in clinical systems. Most of the seven systems did not include precision as a formal part of the name. The precision could often be inferred by the unit of measure of the item, or the result name would contain the word ''screen,'' implying a semi-quantitative result. However, since technologists in the laboratory know what the precision is, it usually is not stated explicitly anywhere in the result definition or configuration file. Less commonly, the specimen type (system) was not specified. When this occurred, it was typically because a given compound is routinely measured in only one kind of specimen, and laboratory technologists know this implicitly. Thus, we could not make fully specified names for many results without asking for further information from laboratory specialists. Asking for more information from laboratory experts became a common activity as name creation progressed.
A second problem was the use of abbreviations. Abbreviations are not typically standardized, so SE might denote serum or semen, and BM might mean bone marrow or bowel movement. Besides ambiguity, there was also inconsistency. Serum might be abbreviated (or truncated) as S, SE, SER, or SM for different results in the same procedure file. Other acronyms for the component part of a name, like ANA for antinuclear antibody, are commonly understood by medical personnel but are not understood by computer programmers. A medical expert can disambiguate abbreviations or acronyms given the appropriate context of use, but in the general case abbreviations are an obstruction to computerized matching techniques. Again, we often found it necessary to ask laboratory technologists to explain the meaning of an abbreviation. In some cases the abbreviations are used so frequently that even the lab technologists have forgotten what they represent. With only a few exceptions, all abbreviations in the component name are prohibited. Examples of common abbreviations that may be used in the component name include RNA (ribonucleic acid), DNA (deoxyribonucleic acid), HLA (human histocompatibility-complex-derived antigen), AB (antibody), and AG (antigen). All allowed abbreviations are expanded in the LOINC manual. There has been an attempt to keep these items aligned with those found in ASTM 1712, but the two lists are not always identical.
A third problem was with capitalization, punctuation, word order, word form, and other conventions. We wanted the LOINC vocabulary to easily allow caseinsensitive comparisons, so LOINC names are always stated using uppercase characters. This strategy has problems when capitalization is used to distinguish subtypes in a given domain, as with red cell antigens. For example, r and R represent different rhesus blood group antigens. We chose to represent the lowercase characters using the key word LITTLE, so r became LITTLE R. In naming components, it was decided that the substance name should come first, like ''Hepatitis A antibody,'' not ''Antibody, Hepatitis A.'' Another convention related to the use of anti-: ''Anti-hepatitis A antibody'' became just ''Hepatitis A antibody,'' since the anti-prefix is redundant with the meaning of antibody itself. Similarly, conventions were adopted to deal with anion and acid forms of compounds, the naming of alcohols, noun and adjectival forms of tissues, Greek letters in names, hyphens in names, and others. Where possible, we adopted conventions recommended by IUPAC or other national or international standards groups. More than 20 conventions related to capitalization, word order, punctuation, and other strategies for normalizing LOINC names are specified in the LOINC manual.
The second set of problems related to the insufficiency of the simple model. Although a large number of laboratory results are adequately distinguished by the four-component model, many results are not. For instance, most laboratory systems distinguish creatinine concentrations measured on a 24-hour sample from those measured on a one-time (spot) sample. To handle the set of measurements in which this distinction is important, timing was moved from being a part of the component to being an independent axis. Hence, our second model looked like this: Timed is a special value for the timing axis where the exact duration of collection is sent as a separate part of the result message.
Chemical Subspecies and Kind-of-Property
Given the new model, the process of examining data continued, and other problems were encountered. It was important to distinguish a substance that was ''free'' in solution from the same substance that was protein-bound, so a notation was adopted for the component part of the name that allowed subspecies to be specified. For example, free ionic calcium is named ''calcium.free.'' Recognizing that the context in which a measurement was made might have a broader scope than just the laboratory (and following the lead of IUPAC) we renamed ''specimen'' as ''system.'' It also became important to distinguish the kind-ofproperty of a given component that was being measured. For example, in urinalysis it is important to distinguish the measurement of the concentration of sodium ion in a 24-hour urine sample (typically reported in the United States as grams per liter) from the measurement of the total amount of sodium excreted in urine by the patient (typically reported in grams per 24 hours). In the first case, the property of sodium ion being measured is the mass of sodium ion per unit volume of urine (a mass concentration, MCNC), whereas in the second case the property being measured is the rate of sodium ion excretion in urine (a mass rate, MRAT). In order to make these kinds of distinctions in the LOINC fully specified name, the kind-of-property being measured was moved from being a subpart of the component to being an independent axis in the model. Given these additions, a third version of the model could be represented as: As we continued to create result names using the model, the inherent complexity of challenge tests was better understood. Examples of challenge tests are glucose tolerance tests, insulin tolerance tests, and dexamethasone suppression tests. In these kinds of procedures, the common feature is that some intervention takes place (often the administration of a drug, hormone, or nutrient) and at some point in time after the intervention one or more measurements are taken to evaluate the response of the patient to the intervention. The important consideration for the fully specified LOINC name is that we need to indicate in the name, as precisely as possible, what the intervention was and the temporal relationship of the measurement to the intervention. We decided to express this as a separate part of the component name. The carat (ˆ) was chosen to delimit the challenge information as a subpart of the component name. Again, the choice of delimiters is for convenience only and has no semantic importance for the standard. With this addition, the component portion of the name for one measurement in a glucose tolerance test is:
PARTIAL MODEL ͗component͘ˆ͗chall͘
Example: GLUCOSEˆ30 MN POST 100 GM ORAL GLU-COSE
One of the most problematic and subjective areas addressed by the LOINC model is the question of ob-servation methods. Generally, the method by which a measurement is made is not important, given that the property measured and the precision of the measurement are truly the same. For instance, with serum sodium measurements most laboratories do not report a different result name for sodium measured by ion sensitive electrodes versus sodium measured by flame ionization. However, in other situations, typically those dealing with antigen-antibody reactions, the sensitivity and specificity of the measurement may be dramatically different depending on whether the method is a latex agglutination method or a flocculation method. Addressing this need, we modified the rules related to the specification of methods in the LOINC name. The method axis is used only when information specified in the other five axes is insufficient for distinguishing clinical measurements that have very different reference ranges, sensitivities, or specificities. Whether the method should be stated or not can usually be decided by answering the question, ''Would clinicians caring for a patient want to see observations made by this method in the same column on a clinical report as those made by a different methodology, or would they want it displayed in a separate column?'' If the clinicians think of it as the same thing and if it can be compared with similar measurements made by other methods to track a physiologic variable over time, then a distinct name incorporating the method should not be made. If clinicians think about it as different, because of a very different reference range, sensitivity, or specificity, then the measurement should have a name that distinguishes the method.
With the addition of the challenge information (and a better understanding when to use the method field), the final informal representation of the model is: This iterative process of examining data, matching to the model, and modifying the model when necessary is the core process in creating the LOINC vocabulary. Over the course of 18 months, the LOINC model became progressively more sophisticated (complex), and it continues to evolve to the present day. The complexity is not an artifact of poor design; it is a direct result of trying to systematically distinguish different results that exist in real-world laboratory and clinical information systems. The complexity comes from trying to closely model the real-world measurements that we are describing. The complete model is more complex than we have presented here. In a later section, we describe the representation of the LOINC SDM using a formal notation. The complete model is available at the LOINC Web site at http://www.mcis. duke.edu/standards/termcode/loinc.htm/.
Policies for Creating LOINC Names Using the Model
Once a reasonably robust model was in place, policies and procedures were instituted that made creation of names using the model consistent. One such policy was that no parts of the name would be implied. For example, because most laboratory procedures are measurements at a point in time, it is common to mention the timing aspect of a measurement only if it involves a 12-hour or 24-hour sample collection. In other words, the timing aspect is implied to be ''point in time'' if not otherwise stated explicitly. In LOINC naming, we chose to always be explicit and say ''point in time'' in every name where it applies. This kind of consistency facilitates automated matching and comparison of LOINC to other vocabularies.
A second convention was the use of the virgule ( / ) and the plus sign ( ϩ ) in names. The virgule is used to represent a Boolean OR. For example, if a given measurement can be made on serum or plasma and has the same clinical significance regardless of which type of specimen is used, then the system part of the name would be SER/PLAS. The plus sign is used to represent a Boolean AND. It is commonly used in the component part of the name when a given procedure measures more than one chemical species. For example, if a procedure measures both doxepin and desdoxepin, the component part of the name is represented as DOXEPINEϩDESDOXEPINE.
A third policy or practice was that we would create only names that exist in real systems. We would not create names based on allowable permutations of the six axes within the LOINC name. This policy is necessary to avoid combinatorial explosion, since the potential name space based on arbitrary combinations would be huge. Other policies related to name creation are described in detail in the LOINC manual.
The final step in establishing a LOINC term is creation of a unique code for each fully specified name. The LOINC code is a sequentially assigned unique number that has no embedded meaning. The number of digits in the code is flexible and will increase as the number of items in the LOINC vocabulary increases. A MOD10 check digit is included as a hyphen-separated suffix as part of the LOINC code. The check digit can be used to check for common typographic errors when LOINC codes are entered manually. De- *Version 1.0h had increased content based on input from laboratories as the vocabulary was put into clinical service. †Version 1.0i was the first version to include terms outside clinical laboratory use. tails of the MOD10 check digit calculation are available in the LOINC manual.
The LOINC Model in a Formal Notation
One of the strengths of the LOINC terminology is its underlying SDM. A previous publication describes an earlier version of the SDM. 21 A current version using Abstract Syntax Notation One (ASN.1) is available at http://www.mcis.duke.edu/standards/termcode/loinc. htm. The document also includes a brief description of ASN.1 syntax. ASN.1* is an international standard for describing abstract syntax (data models).
The main objective of having a formal model is to make explicit all the discrete domains that are used by the different axes of the LOINC fully specified names. The identification of the discrete domains helps categorize the concepts used by the LOINC names and will enable the LOINC names to be expressed using other natural languages and coding schemes. 21 This functionality does not affect the operational aspect of information systems adopting LOINC, because only the LOINC codes are necessary to exchange data. The ASN.1 specification does provide a computable model that can be used to support automated processes that map local vocabularies to the LOINC database.
According to Rossi Mori et al., 45 LOINC has the characteristics of a ''second-generation'' terminology system. These include a categoric structure (identified as the SDM) and a well-defined set of descriptors (collections of terms for the various LOINC name axes). The ASN.1 version of the LOINC SDM helps refine the categoric structure of the laboratory result names and facilitates the utilization of a more elaborate vocabulary model. Both aspects are crucial for the transformation of the LOINC vocabulary into an extensible and compositional terminology system. The envisioned terminology system should ensure the canonic representation of the fully specified LOINC names and make LOINC compatible with other clinical models.
In its current form, the LOINC ASN.1 SDM is still an incomplete model, since it is not sufficiently detailed to allow only reasonable and sensible names to be created. The effort to create a more detailed model will require a more ''atomic'' vocabulary, similar to EU-CLIDES, 40 and the stronger semantics available in GRAIL. 46 The level of detail present in any model is determined by the purpose for which the model was *International Organization for Standardization, 1990 #28; International Organization for Standardization, 1990 #222. created. Our goal is to use the LOINC ASN.1 SDM to facilitate discussions of the LOINC approach, to automate semantically based matching processes, and to assist users in the creation of new names.
Distribution of and Additions to the LOINC Vocabulary
The LOINC vocabulary is maintained as a single table, with the formal parts of the LOINC name and the LOINC code being separate columns in the table.
Other columns in the table are used for maintaining cross-references to other vocabularies and for managing maintenance information (who, when, and why) about additions and deletions. The complete specification of the LOINC table structure is available in the LOINC manual.
The first release of the LOINC vocabulary was ready for external comment and review in March 1995. Table  1 shows dates and the number of terms in each LOINC release over the last two years. The two largest growth periods for the LOINC vocabulary (after the initial load) are represented by version 1.0h, which followed the first widespread implementations of LOINC in working systems, and version 1.0i, which was the first version to include terms used outside the clinical laboratory. In accordance with initial goals, the LOINC vocabulary is distributed free of charge on diskette, or it can be downloaded via anonymous ftp over the Internet. It is available on the standards server at Duke University Medical Center:
The portion of the LOINC vocabulary that pertains to clinical laboratory measurements is maturing rapidly. We have recently adopted policies and procedures for submitting requests for new laboratory terms. The strategy is to reduce the work of maintaining the vocabulary by requiring that submitters provide accurate information about the items to be added. A summary of the rules is found in the LOINC manual. If these rules are followed, the goal of the LOINC committee is to add new codes within two weeks after receipt of a request.
Also available from the Web site is RELMA, a program that helps users map their local vocabulary to LOINC terms. The RELMA program accepts a file of local result names as input and then interactively assists the user in locating LOINC terms that are possible matches.
Implementing and Evaluating the LOINC Vocabulary
The LOINC codes have been adopted as standard identifiers by several vendors of laboratory information system software and by several large commercial laboratories, including Quest Diagnostics (formerly Corning Clinical Laboratories), LabCorp, LifeChem, and ARUP (Associated Regional and University Pathologists). LOINC is also used by the U.S. Veteran's Administration, the U.S. Navy, Kaiser Permanente, Clarion of Indianapolis, and Partners of Boston. It has been adopted as a national standard in New Zealand, and the Province of Ontario is using it for a pilot study. Additionally, LOINC is the basis for the clinical identifier used in the 3M Health Information System Lifetime Data Repository. It has also been endorsed by the American Clinical Laboratory Association and the Andover Working Group for OHI (Open Healthcare Interoperability). While use provides some strong evidence of merit, formal evaluations of the LOINC vocabulary are just beginning, and published reports are not currently available.
For purposes of evaluation, the potential utility of LOINC centers on two propositions: the use of LOINC as a universal coding scheme, and the use of LOINC to improve mapping between systems. Concerning the first, LOINC is designed to provide a universal coding system to which users can map their existing master files. Without a universal vocabulary, mapping can only occur point-to-point between each communicating system. This means that if there are N systems that are interconnected, N ϫ (N Ϫ 1) mappings will need to be done, as noted by Simborg et al. 47 more than ten years ago. However, if each institution can map to a universal vocabulary, each system would need to map only once, resulting in a tremendous reduction in the total number of mappings that need to be done. Of course, the same benefit would accrue to the use of any universal vocabulary. Tests of the first proposition, then, should focus on how well LOINC serves as a universal vocabulary within its scope of coverage.
The question of whether LOINC is a suitable universal vocabulary relates directly to adequate coverage. Despite the initial consideration of various clinical laboratory vocabularies as sources of terms and the actual size of the LOINC vocabulary (more than 10,000 terms), there may be subdomains not completely represented in LOINC. We recognize that the LOINC vocabulary will be ever growing, but we expect to reach a stage at which the only maintenance of the corpus is due to new laboratory procedures and refinements on the existing names. Evaluations of LOINC coverage would be useful in focusing future work on areas where greater coverage is needed.
The second proposition is that the use of LOINC can improve the process of mapping. Improvements could be in the form of greater accuracy in mapping or decreased time and costs. These benefits could be realized whether the mapping were done manually or by an automated process. Evaluations of the second proposition then would focus on the speed, efficiency, and accuracy of mapping between systems using LOINC.
Evaluations of the second proposition could be rephrased by the question, ''Is the fully specified LOINC name really fully specified?''-that is, is there sufficient information in the LOINC name to match laboratory result names across heterogeneous systems. The LOINC data model was designed to include all the attributes of a laboratory result name needed to create an explicit and unambiguous meaning for each term. There are at least two possible error sources in manual mapping: human errors related to simple typographic or selection errors, and errors caused by inadequacy of the LOINC names. In the second case, errors might occur because the fully specified LOINC name may not be sufficiently explicit to unambiguously distinguish different procedures, or there could be systematic or random errors in creating the LOINC names that make the names difficult to understand or use. One approach to answering this question may be to wait until LOINC is in use in production systems. At that stage, data in production databases can be pooled and statistical comparisons can be made to determine whether a LOINC code in one system has the same meaning as a LOINC code in another system. If the meanings of LOINC codes are found to be different in the different systems, it will F i g u r e 7 Variable-style names versus valuestyle names in HL7 OBX segments. The ''variable'' representation treats the concept as a variable (or field) that has a binary value, e.g., HLA B27 Antigen = Present. This style is usually used when there is a panel of such variables, each of which will be tested for and reported as present or absent. In the case of ''value'' representation, the variable is a more open-ended one and the value of the field is the antigen that was found, e.g., Antigen Found = HLA B27. Value representation is often used when testing is being done to establish the HLA type of a person, and only the types of the antigens found will be reported. The use of the variable-and value-type styles of results reporting is common in blood bank testing and microbiology cultures as well as HLA typing.
be important to analyze the sources of the error. Analysis of errors that are attributable to LOINC itself should lead to improvements in the LOINC structure and would be directed at removing any remaining ambiguity in the fully specified name.
A closely related issue is whether the LOINC approach is clear and implementable. At the present time it takes approximately four person-months to completely map a complex laboratory. It may be that the process is too complex and is not reproducible when used by people outside of the LOINC committee. The existence of the SDM, standard naming conventions, and standard abbreviations as developed by the LOINC committee should facilitate the elaboration of new names. The main issue may be the understanding and interpretation of the properties and methods used by LOINC. Despite the fact that the properties and methods were obtained from ''standard'' sources, their interpretation and use may not be clear to the end user. The LOINC committee may have to educate end users on how to interpret and apply the various properties and methods adopted, and perhaps even publish a set of rules and examples that will guide them.
Another issue related to the creation of new result names is the submission of these terms to the LOINC committee. The centralized control adopted by LOINC is certainly necessary, but the potential overhead to review and advise end users may require a more elaborate people and database infrastructure than is currently in place. The collaboration of the users in this process will be very important, and the various interpretations that can be made regarding the specimens, kinds-of-property, and methods will have to be progressively standardized and disseminated to all users. The process of adding new LOINC terms will need to be evaluated frequently to ensure that the needs of end users are being met in a timely fashion.
Discussion
As we created the LOINC vocabulary we recognized problems that we were not solving. The process of trying to apply a rigorous methodology to name creation exposes issues that were previously hidden. One key issue was the recognition of alternative styles of representing data in messages. An example of the two alternative styles-which we have called the ''variable'' and ''value'' styles-is shown in Figure 7 . The ''variable'' representation treats the concept as a variable (or field) that has a binary value, e.g., HLA B27 Antigen = Present. This style is usually used when there is a panel of such variables, each of which will be tested for and reported as present or absent. In the case of ''value'' representation, the variable is a more open-ended one and the value of the field is the antigen that was found, e.g., Antigen Found = HLA B27. Value representation is often used when testing to establish the HLA type of a person and when only the types of the antigens found will be reported. The use of the variable-and value-type styles of results-reporting is common in blood bank testing and microbiology cultures as well as in HLA typing.
We have intentionally included both variable and value style names in the LOINC vocabulary, since both styles are in common use in systems today. Allowing both styles, however, points to the need for further standardization of the information model associated with medical data. Having both styles means that the same kind of result data coming from two different systems could have different representations, even though they are both using HL7 messages. This leads to either inconsistent representation of the data in patient databases or to increased complexity in computer-to-computer interfaces. These problems could be eliminated by adopting a single style of representation for HL7 interfaces or by making an ex-F i g u r e 8 Use of atomic (post-coordinated) codes versus a molecular code (pre-coordinated) in HL7 messages. Some systems send the location of a given measurement as a separate observation in the message, whereas other systems express this information as part of a single name.
plicit map between the synonymous representations. The goal would be to make user interfaces and HL7 interfaces smart enough that they would recognize the data in either form and be able to convert it to the most useful representation based on the clinical circumstances.
A second issue became apparent as we began to examine patient data outside the clinical laboratory. It became clear that different systems used different levels of aggregation (pre-coordination) in the names used to describe clinical measurements. As shown in Figure 8 , some systems send the location of a given measurement as a separate observation in the message, whereas other systems express this informaton as part of a single name. For example, a systolic blood pressure of 135 mmHg measured in the right brachial artery could be represented as two separate observations: a body location observation with a value of right brachial artery and a second observation of systolic blood pressure with a value of 135. Alternatively, this same information could be represented as a single observation of systolic blood pressure in the right brachial artery with a value of 135. Again, these two styles of representation could lead to inconsistent representation of data in a patient database or to added complexity in computer-to-computer interfaces. The process of creating LOINC names has exposed these issues of alternative representation, enabling discussions that we hope can lead to further standardization of clinical data representations in medicine.
The development paradigm of the LOINC vocabulary presents some interesting contrasts to the development paradigm of EUCLIDES and IUPAC. Systems like EUCLIDES and IUPAC were designed from a rather theoretic and wholesome viewpoint, proceeding where possible from well-established first principles and definitions. The systems were then tested in common implementations with limited real-world success because of the inherent complexity of implementing a multi-axial coding scheme in today's clinical information systems. LOINC came the other way around. It grew from a practical implementer's point of view, creating terms at the granularity usually found in working systems and gaining complexity as it grew without losing touch with common implementations. The danger of the LOINC approach is that it walks along the cliff of ''combinatorial explosion.'' If LOINC codes were created for all possible (or even sensible) combinations of the 42 EUCLIDES axes, there would be an unmaintainable number of terms. Combinatorial explosion is prevented by creating LOINC codes that only correspond to codes in real systems and by putting the other essential information in other fields of a message. Thus, the LOINC strategy is to create messages that are a careful balance between a pre-coordination approach (represented by using LOINC codes as observation identifiers) and a post-coordination approach (represented by the other ancillary and modifier fields present in the message).
Current/Future Activities
The content of the LOINC vocabulary continues to grow in the area of clinical laboratory measurements and especially in the area of direct patient measurements and observations. The LOINC vocabulary has recently been included in the UMLS Metathesaurus, and discussions are underway that should allow LOINC to be included in a future version of SNOMED International. Several clinical information systems are now using the LOINC vocabulary, and many other implementations are in progress. Suggestions from end users should lead to enhancements in both the structure and content of the LOINC vocabulary.
Conclusion
The accurate exchange of clinical data between computer systems requires the combination of an SDM and a vocabulary. The SDM provides structure and context that are essential for the correct interpretation and understanding of the terms that the structure contains. The creation of the LOINC vocabulary has lead to a greater understanding of the interdependency of the SDM and the vocabulary. It is an example of one of the first vocabularies specifically targeted for use in a data exchange standard. The experience of the LOINC committee in creating fully specified names for observations can serve as a useful foundation for other groups that might undertake the development of vocabulary for use in data exchange standards. Having the specific goal of creating names for observation identifiers for use in health care data exchange standards has been essential for focusing the work of the committee. Because the LOINC committee is relatively small, it has been able to make rapid progress, creating more than 10,000 terms in less than three years. The vocabulary has gained wide acceptance because it has useful content that is not found in other vocabularies and because it is freely available on the Internet. Formal evaluations of the content and structure of the LOINC vocabulary have not yet been published but would be very useful in improving the LOINC data model and contents.
